PREFACE
This report represents work carried out in the Spring of 1972 to determine whether or not it is possible to track one earth satellite from another, given the spacial coordinates of the observing satellite and the angular coordinates of the observed at specified times . The present study is not intended to be exhaustive, but rather is intended to establish the feasibility of preliminary earth satellite orbit determination from a small number of angle-only observations.
The difficult and iipportant questions of detection and discrimination against the celestial background will not be discussed. It will be assumed that these difficulties can be surmounted and that the necessary observations can be made.
To make the problem tractable, we hav^ chosen a few simple examples of orbit configurations which were studied in some Historically, the problem of finding the orbit of a satellite from a limited number of angle-only observations is very interesting. The following brief account will serve as an illustration.
On January 1, 1801, Piazzi discovered the asteroid, Ceres, after which he soon became ill and had to cease his observations. The asteroid thereafter moved near the sun where all observations became impossible. It was feared that the minor planet would be lost. The methods of Laplace and Lagrange lacked the required precision to locate such an object months after its first observation. It remained for Gauss to work out a. method, later com-2 pletely revised and generalized , which allowed the rediscovery of Ceres on the night of December 7, 1801 by DeZach. It is Gauss' revised method which we have used to determine the approximate orbital elements. A detailed discussion of it is given for reference and for completeness, A computer proaram based on this method was written by one of the authors (DME) in order to carrv out the necessary computations.
It has been assumed throughout that it is not practical to follow a given satellite over more than a fraction of its period.
This is a basic constraint of the problem; otherwise PEP or some similar procedure could be applied directly without resort to the intermediate step of preliminary orbit determination. It is to be understood that once a preliminary orbit has been determined, refined methods can then be employed on subsequent observations (which are not necessarily contiguous in time but which can be unambiguously associated with that orbit) to arrive at a precise orbit. Six elements uniquely define an orbit and the position of the body describing the orbit. Three of these define the orientation in space, two of them define the size and shape of ehe orbit and the sixth will give the position of the body within From this preliminary orbit it is possible to compile a table of predicted positions, an ephemeris, to be used for tracking the body so that future observations may be made.
Additional observations would then be used presumedly, to improve the crbit. There are many ways to accomplish this and only the basic ideas will be presented here. Let (x,y,z) denote a geocentric rectangular equatorial coordinate system as in Figure 2 ; the x-axis is directed towards We mus. assume that the equatorial coordinates of the Earth are known accurately at each of the three observation times.
Since we are assuming Keplerian motion we know that the motion takes place in a plane; hence, one of the unknown radius vectors may be written as a linear combination of the other two.
We have
where the coefficients c,, c 3 are the so called triangle ratios.
If c, and c, are known, then substitution of equation (1) into equation (2) furnishes, in component form, three linearly independent equations in the unknowns p,, P 2 / and t ^, the hunterhunted satellite distances at the times of the observations.
Since the coefficients are unknown, we approximate then iterate. 
Then following Gauss we can rewrite equations (3) and (4) .^MMMk
equation (1) Again, the case of three negative roots will yield no solution.
Hence, there are two 'possible' roots to this equation to be considered. In a well defined case (i.e., when Keplerian motion is a good first approximation) one of these possible roots will 13 mm be outside of any reasonable limits to the problem.
In the Earth satellite case, for example, obvious limits would be the radius of the Earth and 1 A.U. (astronomical unit). Hence, in a well defined case there is but one solution and one orbit for the satellite being observed.
When a solution has been found, the coefficients c and c, can be evaluated from equations (7). Then operating on equation (8) Equa tion (1) will then give the two radius vectors ^ and r 3 .
Because the coefficients c, and c 3 were determined from truncated series expressions, the solution P 2 , r 2 is only approximate. Hence, the solution might be improved by iterating on the coefficients. 
Similarly, ecosf, = q., = p/r., -1,
Since we can calculate the difference in ^anomalies from cos(f-, -f,) = (r, «r,)/(r, r,) , we could rewrite f, as f,+(f--f,) and calculate esinf, as follows q., = ecosf,cos(t' -f,)-esinf, sin (f, -f,!
Equations (12) and (13) can then be solved simultaneously to yield e and f,.
Having found the semi-lattice rectum and the eccentricity, we readily calculate the semi-major axis, a from the elliptical relation: 2 p = a (1 -e ) . Then the argument of perigee is readily obtained from u) = (u, -f,) .
One element, the time of perigee passage remains to be found. If the mean anomaly, the angle swent out by a radius vector with mean angular velocity n in the time interval (t - T) were known, we could calculate T from the equation,
In order to calculate the mean anomaly, the eccentric anomaly must first be found. The true anomaly, already calculated for time t 1 and the eccentric anomaly,E are related by. One example which has not been successfully evaluated is the highly eccentric orbit. It is not likely that one will encounter surreptitious satellites in such orbits because of the high risk of detection at perigee. Nevertheless, it is a possibility. We attempted to test the method on such an orbit but were unable to compute the necessary ephemerides because of the excessive computer time needed for the integrations. We did not investigate other possibly interesting orbit configurations because of the limited time alloted to this study.
We conclude that "reasonably accurate" determination of the orbit of one satellite from another by Gauss' method is feasible and practicable in most cases of interest with 5 place accuracy in the inertial coordinates and epherr.iis time and +0.01° accuracy in the look angles. Gauss' method is progressively more successful as the hunted satellite altitude is increased from 1/4 to 3 times synchronous. The problem, however, is a very complex one, and it is difficult to extrapolate these results to all cases of interest.
